Exposure to stress induces gastrointestinal (GI) dysmotility. In rodents, acute restraint stress (ARS) inhibits gastric emptying (GE) and intestinal transit (IT) via central and peripheral corticotropin-releasing factor (CRF)-mediated pathways. Peripherally administered apelin-13 was shown to inhibit GI motor functions; moreover, stress-induced upregulation of gastric apelin content was demonstrated in rats suggesting that peripheral apelin may mediate stress-induced alterations in GI motility. We investigated the role of endogenous peripheral apelin in stress-induced GI dysfunction.
| INTRODUC TI ON
Stress is known to induce gastrointestinal (GI) dysfunction in healthy individuals and the cumulative evidence suggest that stress, anxiety and other psychiatric comorbidities play a role in the development of functional dyspepsia (FD). 1 In rodents, exposure to acute restraint stress (ARS) has been demonstrated to delay upper GI motor functions, while accelerating motility in large bowel through mediation of central corticotropin-releasing factor (CRF) and peripheral sympathetic nerves. 2, 3 Within the GI tract, along with CRF receptors, endogenous ligands of CRF have been detected suggesting the involvement of CRF in regulation of GI motor functions through peripheral pathways. 4, 5 In rodent studies, peripheral administration of CRF was shown to induce c-Fos expression in myenteric neurons 6 and along with the other members of the CRF signalling family urocortins and CRF are also reported to exhibit stress-like effects on GI motility. 7, 8 Similarly, the site-specific inhibition of both CRF and urocortin-II increased the ileal motility in rats. 9 The novel neuropeptide apelin and its receptor APJ are expressed in paraventricular nucleus (PVN) of hypothalamus which harbours the CRF-producing neurons. 10, 11 In rodents, central administration of apelin-13 was shown to stimulate hypothalamic-pituitary-adrenal axis, which was attenuated by pretreatment of CRF antagonist α-helical CRF . 12, 13 Interestingly, ARS-and central exogenous apelin-induced delayed gastric emptying (GE) were abolished by intracerebroventricular administration of APJ receptor antagonist F13A and α-CRF 9-41 , respectively which indicates an interaction between CRF and apelin in hypothalamic stress circuitry. Besides the brain, although both peptides are produced in the digestive tract, it is not known whether a similar interaction exists at the enteric level.
The expression of apelin has been detected in mucosal enteroendocrine cells, mucous-producing epithelial cells 14 and parietal cells in oxyntic mucosa, 14, 15 while the immunoreactivity for APJ receptor was also shown in neuronal cells in myenteric plexus, 16 duodenal goblet cells, 17 pyloric mucosal cells 10 and smooth muscle layers of the GI tract. 17 Measurable levels of apelin have been demonstrated in plasma samples of humans 18, 19 and rodents. 20 , 21 Wang and colleagues demonstrated APJ immunostaining in the rat small intestinal surface epithelium. Additionally, they detected apelin immunoreactivity in gut luminal perfusates by immunoassay in rats. 15 These findings suggest that peripheral apelin may regulate GI functions both in an endocrine and paracrine fashion. More importantly, we have shown recently in rats that peripheral administration of apelin-13 inhibited solid GE through an APJ receptor-mediated pathway. 22 Moreover, in rats, increased production of apelin following water immersion restraint stress has been reported in the stomach 23, 24 and heart. 25 The accumulating evidence suggests that peripheral apelin may contribute to the regulation of stress-induced alterations in GI motility, therefore, using the ARS model in rats, the aims of the present study were to investigate whether (a) APJ receptor signalling is involved in peripherally administered CRF-or ARS-induced gastro-duodenal dysmotility, (b) ARS alters the production of enteric apelin and (c) the APJ receptor expression in stomach and duodenum is altered upon fasting.
| RE SULTS

| Effects of F13A and astressin on delayed GE and IT
In vehicle-injected non-stressed (NS) rats, solid GE was measured 60.2 ± 3.4% (n = 8), while it was delayed significantly by peripheral injection (10 μg/kg, i.p.) of CRF (30.0 ± 5.0%, P < 0.01, n = 8). The CRF-induced deceleration of GE was attenuated by the pretreatment F I G U R E 1 Solid gastric emptying (GE) (A) and intestinal transit (IT) (B) measurements in conscious rats. Vehicle (250 μL of saline, i.p.), non-selective corticotropin-releasing factor (CRF) receptor antagonist astressin (100 μg/kg, i.p.) or APJ receptor antagonist F13A (300 μg/ kg, i.p.) was administered 30 minutes prior to the peripheral CRF (10 μg/kg, i.p.) injection. In acute restraint stress (ARS)-loaded rats, vehicle, F13A or astressin (100 μg/kg, i.p.) was administered 30 minutes before the initiation of the stress. Neither astressin nor F13A administration alone influenced GE or IT under non-stressed (NS) conditions (data not shown). All values are mean ± SEM. *P < 0.05; ** P < 0.01 vs vehicleinjected NS rats, † P < 0.05 vs CRF-injected NS rats, # P < 0.05; ## P < 0.01 vs vehicle-injected and subsequently ARS-loaded rats, n = 8 rats per group. Statistical analysis was performed according to two-way ANOVA followed Bonferroni post hoc test of APJ receptor antagonist F13A (40.5 ± 4.50%, P < 0.05, n = 8),
while it was abolished completely in rats pretreated with non-selective CRF antagonist astressin (60.7 ± 2.1%, n = 6). Similarly, ARS for 90 minutes delayed GE significantly (31.9 ± 2.9%, P < 0.01, n = 8) compared with the vehicle-treated rats. F13A caused a noticeable attenuation in ARS-induced delayed GE (45.6 ± 3.80%, P < 0.01, n = 8).
Unlike F13A, astressin (100 μg/kg, i.p.) did not have any effect on ARS-induced changes in GE (30.8 ± 5.59%, n = 8), ( Figure 1A ). IT was measured 74.1 ± 4.57% (n = 8) in NS rats; whereas, it was delayed significantly both by ARS (48.6 ± 4.81%, P < 0.05, n = 8) and peripheral CRF injection (29.6 ± 4.6%, P < 0.01, n = 8). Preadministration of F13A (P < 0.05) diminished both CRF-and ARS-induced alterations significantly (40.6 ± 3.94%, P < 0.05, n = 8; 66.24 ± 6.84%, P < 0.05, Figure 2C ).
| Effects of F13A and astressin on ARS-induced changes in fasting motor pattern
| Effect of F13A on CRF-induced changes in fasting motor pattern
Peripheral administration of CRF impaired the spontaneous postprandial contractions remarkably both in antrum and duodenum, while they were recovered following a period of time of 90 minutes ( Figure 3A ). F13A did not alter the CRF-induced impairment of the antral or duodenal phase III-like contractions ( Figure 3B ).
| Effect of ARS on gastric and duodenal apelin expressions
In the stomach, moderate apelin immunoreactivity was detected in secretory epithelial cell lining within mucosa within the fundic region, while apelin also displayed a faint signal pattern in submucosa 
| Cellular localization of apelin and APJ receptor immunoreactivity in the whole thickness of stomach and duodenum
To characterize the apelin in neuronal structures, we performed double-labelling experiments with a pan axonal marker, PGP 9.5.
Similar to our previous findings, the cells exhibited double immunoreactivity for PGP 9.5 and apelin were observed in gastric and duodenal myenteric ganglia which were found to be more pronounced in the preparations obtained from ARS-loaded rats ( Figure 5 ).
The APJ receptor is investigated in gastric (Figure 6 upper panel)
and duodenal (lower panel) coronal sections. In duodenum sections, mucosa, submucosa and the tunica muscularis are immunolabelled uniformly, whereas in stomach, the APJ immunoreactivity was found to be restricted within the tunica muscularis ( Figure 6 ).
| The mRNA expression of apelin and APJ in stomach and duodenum
Compared to the ad libitum fed rats, food deprivation for 18 hours induced a significant decrease in mRNA expression of APJ receptor both in the stomach (P < 0.01) and the duodenum (P < 0.05), ( Figure 7A ).
Compared with NS rats, the mRNA expression of apelin was detected at significantly higher levels both in gastric (P < 0.05) and 
| D ISCUSS I ON
Using a restraint stress model in rats, the findings presented in this study demonstrate firstly that acute stress exposure increases the gastric and duodenal endogenous apelin content which appears to contribute to the mediation of stress-induced motor dysfunction.
Additionally, preadministration of APJ receptor antagonist caused a remarkable attenuation in CRF-induced deceleration in solid GE and IT suggesting the contribution of peripheral apelin in CRF-mediated changes in upper GI motor functions. In contrast to the postprandial measurements, endogenous apelin appears not to play a role in regulation of ARS-or CRF-induced disturbed fasting gastro-duodenal motor pattern. Both in stomach and duodenum, the increases in apelin expression were observed prominently in myenteric ganglia;
whereas, dense APJ receptors were detected with smooth muscle layers indicating a direct neurocrine inhibitory action of apelin on smooth muscle contractility at enteric level. Following an overnight F I G U R E 5 Effect of acute restraint stress on apelin (green) immunoreactivity in antral (A-F) and duodenal (G-L) coronal sections. PGP 9.5 (red) was used to assess the total numbers of neurons in the preparations. The scale bar represents 100 μm
fasting, the decreased APJ receptor mRNA expressions were de- The present study has revealed for the first time the effects of peripheral endogenous apelin on stress-induced GI dysmotility in rats. Indeed, apelin/APJ receptor system is expressed in the GI tract. In rodents, the mRNA of both apelin and APJ receptor have been detected in enteric tissues, including GI smooth muscle, 17 enteroendocrine cells 14, 15 and enteric neurons. 16, 37 Recently, we have demonstrated in rats that peripheral administration of apelin-13 delayed solid GE; whereas, the gastroinhibitory action of apelin was completely abolished by peripheral preadministration APJ receptor antagonist F13A suggesting the possibility that peripheral apelin may be an endogenous regulator of GI motor functions at enteric level. 22 Importantly, increased apelin content has been shown in rats that received water immersion restraint stress 24 indicating a putative role for apelinergic system in stress-induced GI motor dysfunction. Specifically, our present data demonstrate that, both in stomach and duodenum, apelin synthesis was increased upon 90 minutes of ARS loading. Additionally, ARS-induced delayed GE and IT was restored by pretreatment of APJ receptor antagonist F13A. Moreover, our immunohistochemical analyses in gastric and duodenal sections have revealed that the majority of apelin-producing cells responding to stress are neurons of myenteric plexus, moreover, APJ receptor is produced densely within tunica muscularis. In fact, it remains uninvestigated how upregulated endogenous or exogenously-treated peripheral apelin inhibits the spontaneous GI smooth muscle activity, however, apelin is known to activate L-arginine/NOS pathway in peripheral vasculature of rodents, 38,39 therefore, we speculate but cannot confirm that under stress conditions, the apelin released from enteric neurons exerts its inhibitory action on GI smooth muscle contractility in a paracrine fashion through mediation of APJ receptor-dependent nitrergic pathway.
Accumulating evidence indicates the effect of nutritional status on the expression of APJ receptor in the gut. Flemstrom and colleagues have demonstrated in rats that overnight fasting caused a 8-fold decrease in duodenal APJ receptor expression. 40 In line with the latter findings, we have detected significant decreases in APJ receptor both in gastric and duodenal tissue samples of rats exposed to an overnight fasting. Furthermore, our functional measurements showed that pretreatment of APJ antagonist reversed the ARS-induced alterations in postprandial period, while it was ineffective on fasted rats in which the phase III-like contractions were monitored.
In fact, the downregulatory effect of fasting on the APJ receptor has not been investigated, thus, although not addressed directly in this study, the emerging evidence suggests that peripheral apelin might be an endogenous mediator that plays a role in regulation of the postprandial changes in GI motor functions.
Our motility recordings revealed that both antral phase III-like contractions were inhibited immediately following the initiation of ARS loading, while duodenal phase III-like contraction remained unchanged. In line with our data, it was shown previously in rats that ARS abolished gastric phase III-like contractions, without affecting duodenal phase III-like contractions in the interdigestive state. 41 The migrating motor complex (MMC) is a cyclic, recurring motility pattern that occurs in the stomach and small bowel during fasting. 42 The gastric MMC is regulated via extrinsic autonomic innervation and 5-HT 3/4 receptors, however, the intestinal MMC is regulated via intrinsic primary afferent neurons and 5-HT 4 receptors. 43 The role of the vagus nerve in control of the MMC seems to be restricted to the stomach, as vagotomy abolishes the motor activity in the stomach, but leaves the periodic activity in the small bowel intact. 42 In our study, we have found that F13A pretreatment did not have any effect on the ARS-induced impairment of the gastric contractions; whereas, they were recovered completely by astressin pretreatment. These findings indicate that although it is upregulated in gut upon stress, endogenous enteric apelin does not play a role in stressinduced inhibition of gastric fasting motor pattern which appears to be mediated by CRF.
In the present study, in contrast to the ARS-loaded rats, periph- 
TA B L E 1 Primer sequences for Apelin, APJ and GAPDH
Primers Sequences
Apelin-forward 5′-GGCTAGAAGAAGGCAACATGC-3′
Apelin-reverse 5′-CCGCTGTCTGCGAAATTTCCT-3′
APJ-forward 5′-CCACCTGGTGAAGACTCTCTACA-3′
APJ-reverse 5′-TGACGTAACTGATGCAGGTGC-3′
GAPDH-forward 5′-CCTGGAGAAACCTGCCAAGT-3′
GAPDH-reverse 5′-TAGCCCAGGATGCCCTTTAG-3′
functions. In fact, recent rodent studies have indicated the interaction between apelin and CRF in brain. Dense expression of APJ receptor has been demonstrated in the hypothalamic PVN 11, 45, 46 and amygdala 46 which harbour the majority of CRF-producing cells.
The increased APJ mRNA expression in PVN in response to acute and chronic stress has been shown in rats. 11 Moreover, the increase in plasma corticosterone following central apelin administration is partly blocked by central pretreatment of CRF antagonist α-helical CRF 9-41 , suggesting that CRF-producing neurons are involved in apelin-induced stimulation of hypothalamic-pituitary-adrenal axis. 12, 13 In line with the latter data, we have shown previously in hypothalamic microdialysates that the release of apelin and CRF from PVN were increased in rats loaded with ARS. 47 It is highly conceivable that APJ receptors may be present in the CRF-producing cells in gut, therefore, the released apelin from peripheral sources may reinforce the CRF signalling under stressed conditions. Further studies are warranted to better define the interaction between apelin and CRF at the enteric level.
Taken together, our present results demonstrate that exposure to ARS increases gastric and duodenal apelin expression. The increased endogenous neuronal apelin in the stomach and duodenum appears to contribute to the CRF-and stress-induced alterations in GI motor functions through an APJ-mediated pathway in the postprandial state, but not in the fasting period. In addition to these findings, the fasting-induced downregulation of APJ receptor expression suggests the apelinergic system as a stress mediator that acts in enteric neuronal circuitry. The relevant interaction between apelin and CRF has a clear potential to better explain the mechanism of FGIDs, moreover,
peripheral APJ antagonism appears to be a novel therapeutic candidate for the treatment of stress-related disorders of upper GI tract.
| MATERIAL S AND ME THODS
| Animals
Adult male Wistar rats weighing 250-300 g were housed in stainless steel cages in an air-conditioned room (22 ± 2°C with a 12:12 hours light: dark cycle). All experimental protocols conducted on rats were performed in accordance with the standards established by the Institutional Animal Care and Use Committee at Akdeniz University Faculty of Medicine.
| Acute restraint stress (ARS) loading
The rats were placed on a wooden plate with their trunks wrapped in a confining harness for 90 minutes, as previously reported. 47 During the stress loading, rats were able to move their limbs and head but not their trunks.
| Measurement of solid GE
The rats were fasted overnight with free access to water. On the experimental day, pre-weighed pellets (1.6 g) were given and rats were immediately killed by exsanguination under isoflurane anaesthesia 1.5 hours after completion of feeding. The stomach was removed and gastric content was recovered, dried, and weighed. The solid GE was calculated according to the following formula:
| Measurement of intestinal transit (IT)
For measurement of IT, a charcoal meal test was used as previously described. 48 Briefly, the rats were fed by gavage with 1 mL of aqueous suspension of 10% charcoal and 5% gum arabic. Thirty minutes after receiving the charcoal meal, rats were killed under isoflorane anaesthesia and whole small intestine was carefully removed. The distance travelled by the charcoal were measured under a light source and expressed as the percentage of the total length.
| Recording of GI fasting motor pattern
Under isoflurane anaesthesia, antrum and duodenum were exposed through a midline laparotomy. A pair of miniature strain gage transducer (Kyowa Electronic Instruments, Tokyo, Japan) was im- contractions. The present doses of astressin 49 and CRF 6, 49 were previously shown to abolish stress-induced acceleration in colonic motility in rats, whereas the dose of F13A was used in our previous rat study. 
| Double-labelled immunofluorescence
| qRT-PCR
Total RNA isolation from antral region of stomach and duodenum tissues were carried out using Trizol reagent (Life Technologies, Table 1 . 50 The GAPDH expression was used as an internal control, against which APJ and apelin gene expression were normalized. Then, the relative APJ and apelin gene expression levels were calculated by using 2 −ΔΔCt (cycle threshold) method and reported as fold changes in the target tissues. Note that the specifity of APJ, apelin and GAPDH qRT-PCR products were confirmed by a melting curve analysis at the end of each reaction.
| Statistics
Data were expressed as mean ± SEM. The data of GE and IT measurements were compared by two-way ANOVA following Bonferroni post hoc test. The non-parametric Kruskal Wallis test followed by
Mann Whitney-U test was used to determine the significance in the other experiments. Statistical analyses were performed using a software IBM spss version 20 and a P value <0.05 was considered to be statistically significant.
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